Post-translational modifications of histone tails play a crucial role in gene regulation. Here, we performed chromatin profiling by quantitative targeted mass spectrometry to assess all possible modifications of the core histones. We discovered a novel bivalent combination, a dually-marked H3K9me3/H3K14ac modification in the liver, that is significantly decreased in old hepatocytes.
Introduction
Post-translational modifications of histone tails play a crucial role in gene regulation (Jenuwein and Allis, 2001) . In particular, tri-methylation of histone H3 lysine 9 (H3K9) is associated with heterochromatin formation (Saksouk et al., 2015) while acetylation of histone H3 lysine 14 (H3K14) is critical for DNA damage and checkpoint activation and circadian regulation (Wang et al., 2012) (Tasselli and Chua, 2015) . Typically, acetylation of H3K9 and H3K14 cooccur together, leading to gene activation (Karmodiya et al., 2012) . However, levels H3K9me3 and H3K14ac increased together in livers of offspring of mothers fed high fat diet (Suter et al., 2014) , leading to metabolic changes.
A specific histone modification pattern of two co-occurring marks, one activating and the other repressing gene expression, named "bivalent domain" was first described in mESCs (Bernstein et al., 2006) . These dually marked H3K4me3/H3K27me3 regions were in a poised inactive state, with one mark transmitted to one cell type, leading to gene activation, and the other to another cell type, leading to gene repression, upon differentiation. The role of bivalent domains in differentiated tissues is less clear. Presence of another bivalent mark, consisting of H3K9me3 and H3K14ac modifications has been recently reported in mESCs where the authors demonstrate that the Tudor domain of Setdb1 recognized H3K14ac, whereas the SET domain of Setdb1 methylated H3K9me3 (Jurkowska et al., 2017) . This study linked Setdb1 binding at these bivalent domains to silencing of LINE elements.
We have recently connected epigenetic changes to metabolic alterations in aged liver, finding that both altered nucleosome occupancy and redistribution of lamina-associated domains are correlated with development of hepatic steatosis (Bochkis et al., 2014; Whitton et al., 2018) Since histone modification patterns are altered in many organisms with aging (Sidler et al., 2017) , we set out to investigate which chromatin marks were altered in old hepatocytes. Chromatin profiling by quantitative target mass spectroscopy identified a novel bivalent H3K9me3/H3K14ac mark in the liver, which is significantly decreased in old hepatocytes. Subsequent ChIP-Seq analysis identified 1032 and 668 bivalent regions in young and old livers, respectively, with 280 in common. Histone H3K9 deacetylase Hdac3, as well as H3K9 methyltransferase Setdb1, found in complex Kap1, occupied bivalent regions in both young and old livers, correlating to presence of H3K9me3. Expression of genes associated with bivalent regions in young liver, including those regulating cholesterol secretion and triglyceride synthesis, is upregulated in old liver once the bivalency is lost. Hence, H3K9me3/H3K14ac dually-marked regions define a poised inactive state that is resolved with loss of one or both of the chromatin marks, which subsequently leads to change in gene expression.
Results
New bivalent chromatin state identified by proteomic analysis in mammalian liver. We have previously reported that changes in nucleosome occupancy are associated with metabolic dysfunction in aged livers (Bochkis et al., 2014) . In addition, numerous modifications of histone tails have been altered with aging in many cell types (Sidler et al., 2017) . Hence, we decided to investigate all post-translational modifications on histone tails in an unbiased manner to determine which chromatin marks change in aged fatty liver. Chromatin profiling by quantitative targeted mass spectrometry (Creech et al., 2015) targeted both individual and combinations of chromatin modifications that resided on the same histone tail, identifying co-occurrence of H3K9me3 and H3K14ac on histone tails from young (3 months) and old (21 months) mouse livers. Presence of this bivalent modification quantitatively decreased in old livers (Figure 1A) . We decided to investigate the dual mark for two reasons. First, changes in heterochromatin, marked by H3K9me3, were implicated to drive human aging (Zhang et al., 2015) . And second, hepatic levels of both H3K9me3 and H3K14ac increased in offspring of mothers fed high fat diet (Suter et al., 2014) , suggesting these modifications are correlated to metabolic changes.
Next, we performed genome-wide location analysis (ChIP-Seq) of H3K9me3 (previous study (Whitton et al., 2018) ) and H3K14ac to determine the genomic regions marked by the dual modification. We identified 51,130 peaks in young and 32,067 peaks in the old livers marked by H3K9me3, with an overlap of 7,763. Similar analysis established 13,496 peaks in young and 22,363 peaks in old livers marked by H3K14ac, with an overlap of 2,645 ( Figure 1B) . Overall, there was more H3K9me3 but less H3K14ac modification in young livers as compared to the old ( Figure 1C) . Next, comparing binding regions for both marks, we identified 1032 bivalent sites in young and 668 in old livers, with 280 in common (Figure 2A , examples in 2B). This is consistent with mass spectroscopy results that showed quantitative decrease in bivalent modification on histone tails in old livers (Figure 1A) .
Bivalent regions specific to young livers lose both marks in old hepatocytes. In contrast, some bivalent regions specific to old livers are also marked by H3K9me3 in young hepatocytes.
The key difference is absence of H3K14ac mark in young livers and gain of the mark, creating bivalent sites in old hepatocytes (Figure 2C ). Next, we mapped regions with bivalent marks to closest genes using ChIP-Seq GREAT (McLean et al., 2010) and compared them to differentially expressed transcripts in old livers (RNA-Seq) (Bochkis et al., 2014) using Ingenuity Pathway Analysis. There are many similarities between genes residing in dually-marked regions in young livers and genes whose expression changes in old livers, with nuclear receptor (LXR, FXR, CAR, and VDR) activation pathways comparably enriched (Figure 2D ). This comparison suggests that genes in H3K9me3/H3K14ac bivalent regions are in poised inactive state in adult liver, similar to classical H3K4me3/H3K27me3 bivalent domains characterized in mESCs (Bernstein et al., 2006) .
Genes regulated by nuclear receptor gene pathways in bivalent regions in young livers get activated in old hepatocytes.
In contrast, only several pathways are similar between genes mapped from dually-marked regions in old livers and differentially expressed genes ("Oxidative Stress", p-value < 8.51E-3, "Liver Proliferation", p-value <8.51E-3, "Ahr signaling", p-value<9.77E-3). Additional functional analysis using EnrichR (Kuleshov et al., 2016) identified Sirt1 as a regulator of expression of genes associated with bivalent regions in young livers as the overlap between those genes and genes differentially expressed in liver-specific Sirt1 KO mice (GSE14921) was highly significant (pvalue < 2.28E-7, Figure 2E ). In addition, Kap1 binding sites (ChIP-Seq, GSE31183) were significantly overrepresented among both regions identified as dually-marked in both young and old livers (p-values < 7.55E-10 and < 2.90E-11, respectively, Figure 2F ). Sirt1 deacetylates H3K14ac (Imai et al., 2000) , while Kap1 interacts with Setdb1 (Schultz et al., 2002) , a chromatin regulator that is associated with H3K9me3/H3K14ac dually-marked regions in mESCs (Jurkowska et al., 2017) . Hence, we examined the role of both these regulators in bivalent regions.
Sirt1 regulates genes associated with bivalently-marked regions. We have shown that while old-specific bivalent regions also exhibit H3K9me3 binding at some regions, absence of H3K14ac mark in young livers and key gain of that mark creates bivalent sites in old hepatocytes ( Figure 2C ). Sirt1, a H3K14 deacetylase, is implicated to govern gene expression in duallymarked regions by EnrichR analysis (Figure 2E) . Hence, we set out to examine the role of Srt1 in dually-marked regions. Expression of Sirt1 decreases in old livers (Figure 3A) , consistent with a previous report (Jin et al., 2011) , and correlating to increased H3K14 acetylation in aged hepatocytes ( Figure 1C ). In addition, we propose that deacetylase activity of Sirt1 is important to establishing the bivalent regions. While inhibition of Sirt1 activity correlates with presence of dually-marked regions, activation of Sirt1 activity correlates with loss of bivalency ( Figure 3B ).
Next, we compared genes regulated by Sirt1 in the liver (Sirt1 liver KO, GSE14921) with genes associated with young and old bivalent regions. The overlap consists of 191 and 175 Sirt1regulated genes residing in dually-marked sites in young and old livers, respectively, with overwhelming majority being downregulated (91% in young and 88% in old livers). While H3K14ac is considered an activating chromatin mark, it has also been shown to mark inactive inducible promoter in mESCs (Karmodiya et al., 2012) . Hence, genes downregulated in Sirt1 KO livers correspond to those present in bivalent regions where gene expression is poised but inactive. This is consistent with our model where lack of Sirt1 activity correlates with presence of bivalent poised region ( Figure 3B) . Comparison of Sirt1-regulated genes associated with bivalent regions in young liver and differentially expressed transcripts in old livers by IPA identified common pathways including "LXR activation", "Mitochondrial Function", and "Liver Steatosis" (p-values < 5.49E-6, 8.12<-4, and 2.0<-9, Figure 3C ). These genes are poised in young livers and activated in old hepatocytes. In contrast, EnrichR analysis of Sirt1-regulated gens associated with duallymarked sites in old liver detected pathways associated with senescence, including formation of senescence-association heterochromatin foci, which contribute to repression of genes promoting proliferation (Narita et al., 2003) , consistent with reduction of proliferative capacity in aged livers (Iakova et al., 2003) (Figure 3D ).
Binding of Hdac3, Setdb1, and Kap1 associated with bivalent regions. We have previously implicated Hdac3, a H3K9 deacetylase, with a role in age-associated hepatic steatosis (Bochkis et al., 2014) . We hypothesized that Hdac3 activity could be important in establishing the duallymarked sites. Strikingly, Hdac3 binding sites (ChIP-Seq, GSE60393 from (Bochkis et al., 2014) ) correlated with presence of H3K9me3 signal in about half of bivalent regions in both young and old livers ( Figure 4A ). We find that Hdac3 binds bivalent regions that are specific to young livers and common to young and old livers but is not occupying old-specific bivalent regions. Examples of Hdac3-bound bivalent regions include apolipoprotein genes in young and inflammatory genes in old livers ( Figure 4B) . We propose a model where first a histone acetyltransferase acetylates both H3K9 and H3K14, known to be acetylated together in many regions (Karmodiya et al., 2012) , followed by deacetylation of H3K9 residue by Hdac3 allowing for its subsequent tri-methylation ( Figure 4C ). Next, in order to differentiate between bivalent regions bound versus not occupied by Hdac3, we performed motif scanning analysis using PscanChIP (Zambelli et al., 2013) .
Interestingly, Onecut/HNF6 motif was highly enriched in Hdac3-bound regions in both young and old livers (p-values < 3.1E-23 and 2.2E-16, respectively, Figure 4D ), suggesting that Hdac3 is binding DNA in complex with HNF6 at these bivalent sites. Our analysis is consistent with a previous report implicating HNF6/Hdac3 complex in regulation of hepatic lipid metabolism (Zhang et al., 2016) . In contrast, motifs in dually-marked regions without Hdac3 binding included AP-2 sequence (p-value < 0.0098) and consensus for estrogen receptor (ER, p-value< 0.0095) in young livers and E-boxes bound by bHLH factors in old livers (p-values <0.0069 and <0.0118, respectively).
To complete the assembly of bivalent sites, we propose that deacetylation of H3K9 by Hdac3 is followed by writing of H3K9 triple methylation by a histone methyltransferase Setdb1 ( Figure 5A) . We identified the overlap of dually-marked regions with Kap1 binding sites to be highly significant in both young and old livers (p-value < 7.55E-10, Figure 2F ). Kap1 is often found in complex with Setdb1 (Schultz et al., 2002) , a H3K9 methyltransferase associated with H3K14ac/H3K9me3 dual sites in mESCs (Jurkowska et al., 2017) . To test the hypothesis, we Figure 5C ). Hence, observed redistribution of binding of these regulators is independent of expression. Since Setdb1 is associated with H3kK9me3/H3K1ac dually-marked regions in mESCs (Jurkowska et al., 2017) , we looked for presence of Setdb1/Kap1 complex in bivalent regions in young and old livers.
Heatmaps of ChIP-Seq signal show 30% overlap in young (311/1032) and 27% in old (179/668) hepatocytes ( Figure 5D ). We find that Setdb1/Kap1 complex binds bivalent regions that are specific to young livers and common to young and old livers but is not occupying old-specific bivalent regions (Figure 5E ). Similar to bivalent regions bound by Hdac3, PscanChIP analysis identified Onecut/HNF6 motif to be significantly enriched in Setdb1/Kap1-bound bivalent sites in young and old livers (p-values < 2.0E-30 and < 2.2E-16, respectively, Figure 5F ). In contrast, motifs in dually-marked regions without Setdb1/Kap1 binding included AP-2 sequence (p-value < 0.0088) and consensus for estrogen receptor (ER, p-value< 0.0057) in young livers. We did not identify any significant motifs in Setdb1/Kap1-bound bivalent regions in old livers.
Hdac3, Setdb1, and Kap1 co-localize to same bivalent regions. Considering that both
Hdac3-bound and Setdb1/Kap1 bound bivalent regions were enriched for the sample Onecut/HNF6 motif, we next investigated the possibility if Hdac3 and Setdb1/Kap1 complex were occupying the same sites. Remarkably, the three factors were bound in same regions in both young and old livers (Figure 6A ). Our observations are consistent with a previous report showing that N-Cor complex containing Hdac3 interacts with Kap1 (Underhill et al., 2000) . Next, we wanted to ascertain whether HNF6 was indeed bound in bivalent regions as motif analysis suggested. We compared HNF6 binding in young liver from a previous study (ArrayExpress E-MTAB-2060) (Wang et al., 2014) finding that occupies a subset of Hdac3/Setdb1/Kap1 bound bivalent sites (30% overlap, 308/1032 of all bivalent sites in young liver, Figure 6A ). Examples of HNF6 bound elements at apolipoprotein genes Apoa1 and Apob are shown in Figure 6B . Subsequent comparison of genes in HNF6-bound bivalent regions in young livers and differentially expressed genes in old livers showed an overlap of pathways, including activation of FXR and LXRdependent gene expression (p-values < 2.0E-4, 1,6,E-4, IPA, Figure 6C ). Further, we compared genes differentially expressed in HNF6, Hdac3, and Kap1 knockout livers with genes whose expression changed in old hepatocytes. Remarkably, the overlap included similar pathways enriched in all three knockout models. These include activation of LXR an PPAR-dependent gene expression, consistent with development of steatosis in aged liver (Figure 6D) .
In summary, we propose a model where first close residues H3K9 and H3K14 are acetylated by the same histone acetyltransferase (HAT), then H3K9 is deacetylated by Hdac3, allowing for subsequent triple methylation of H3K9 by Setdb1/Kap1 and establishment of the bivalent region (Figure 7) . In addition, we propose that Sirt1 activity is inhibited during bivalent region assembly to preserve acetylation of H3K14 that serves as the first step in that process. Our model is consistent with a prior study reporting that, first, established H3K14ac mark is recognized by the Tudor domain of Setdb1, followed by triple methylation of H3K9 by the SET domain of Setdb1 (Jurkowska et al., 2017) .
Discussion
Here, we performed chromatin profiling by quantitative targeted mass spectrometry to assess all possible modifications of the core histones in young and old liver. We discovered a novel hepatic bivalent combination, a dually-marked H3K9me3/H3K14ac mark, that is significantly decreased in old hepatocytes. Subsequent genome-wide location analysis (ChIP-Seq) identified 1032 and 668 bivalent regions in young and old livers, respectively, with 280 in common. Our ChIP-Seq results were consistent with proteomic analysis showing quantitative decrease of this combination in old livers. Presence of this bivalent mark has been reported previously in mESCs where the authors linked H3K14ac, recognized by the Tudor domain of Setdb1, to H3K9me3, methylated by SET domain of Setdb1 (Jurkowska et al., 2017) . The authors reported a larger H3K14ac/H3K9me3 overlap in ES cells (12,400 bivalent regions, 2231 bound by Setdb1). We observe a smaller number of bivalent regions in adult differentiated tissue.
In addition to Setdb1, we also localized Kap1, an interaction partner of Setdb1, and Hdac3, an enzyme that deacetylates H3K9, to bivalent regions. While binding of Hdac3 is typically associated with absence of H3K9ac mark (Feng et al., 2011) , we find that Hdac3 correlates with presence of H3K9me3 modification. We propose that Hdac3/Setdb1/Kap1 act in concert, with Hdac3 first deacetylating H3K9, followed by subsequent triple methylation by Setdb1. About half of sites occupied by Hdac3/Setdb1/Kap1 are also bound by HNF6. Hdac3 has been shown to bind DNA in complex with HNF6 (Zhang et al., 2016) at regulatory elements of lipid metabolic genes but a relationship between HNF6 and Setdb1 has not been reported previously. There are several reasons why HNf6 co-localizes with a subset of Hdac3/Setdb1/Kap1 sites. First, Hdac3 binding is circadian (Feng et al., 2011) and a different subset of HNF6-bound regions could overlap with Hdac3 at a different time point. Also, HNF6-bound regions control genes important for hepatic sexually dimorphic gene expression (Conforto et al., 2015) and HNF6 will not occupy other sites bound by Hdac3/Setdb1/Kap1. This possibility is reinforced by presence of motifs for estrogen receptor and its co-activator AP-2 (Tan et al., 2011) in sites not occupied by Hdac3/Setdb1/Kap1, leading to repression of female-specific gene expression in male liver. This observation suggest that H3K9me3/H3K14ac could play a role in regulation of sexually dimorphic gene expression in the liver.
Further, we observe similarities between genes connected to bivalent marks in young liver and those differentially expressed in old liver. Apolipoprotein genes that govern cholesterol export and genes important for triglyceride synthesis are of particular interest. They correspond to gene expression and metabolic changes, such increased cholesterol secretion (Einarsson et al., 1985) and development of hepatic steatosis (Whitton et al., 2018) in old livers. Interestingly, these genes are connected to regions bound by HNF6, Hdac3, and Setdb1/Kap1 and comparison analysis of genes regulated by these factors identified pathways similar to those upregulated in old livers.
Together, these observations suggest that H3K9me3/H3K14ac dually-marked regions constitute a poised inactive state in young livers, which is resolved in old livers, leading to changes in gene expression that contribute to metabolic dysfunction.
Experimental Procedures

Mice
Young (3 months) and old (21 months) male mice (C57BL/6) were purchased from the National Institute of Aging (NIA) aged rodent colony (Charles River Laboratories). Upon arrival, animals were housed for a week to acclimate to the light-dark cycle at the UVa facility before tissue harvest.
Four biological replicates of young and old mice were used for proteomics study. Two biological replicates of young and old mice were used for chromatin immunoprecipitation and sequencing.
All animal work was approved by Animal Care and Use Committee at UVa (protocol number 4162-03-17).
Analysis of histone modifications by targeted Mass Spectrometry
Quantitative targeted Mass-Spectrometry-based profiling of histone modifications was performed at LINCS Proteomic Characterization Center for Signaling and Epigenetics at The Broad Institute of MIT and Harvard University, Cambridge, MA. Detailed experimental procedure for the complete proteomics study is described previously (Creech et al., 2015) . Heatmap of relative abundance of histone modifications was drawn by Morpheus (Morpheus, https://software.broadinstitute.org/morpheus).
RNA and protein analysis
Analysis of mRNA and protein expression levels were performed as described previously (Whitton et al., 2018) . Gapdh was used as normalizing gene for quantitative RT-PCR analysis. Primer sequences will be provided upon request. Lmnb1 (Abcam, ab16048) was used as loading control.
Rabbit monoclonal antibody for Sirt1 (CST, 9475) and rabbit polyclonal antibodies specific to KAP1 (Abcam, ab10483) and SETDB1 (Proteintech, 11231-1-AP) were used in western blotting at 1:1000 dilution. Student's two sample t-test was used to analyze the Q-PCR data.
Chromatin immunoprecipitation and sequencing
Snap-frozen mouse liver (100 mg) from young and old wildtype mice was used to prepare chromatin. ChIP and H3K14ac ChIP-Seq were performed as described previously (Whitton et al., 2018) . For Setdb1 and Kap1 a few modifications were incorporated. Particularly, sonication, using Diagenode Bioruptor Pico, was reduced to 11 cycles (30 s pulse on, 30 s pulse off) and libraries were sequenced using Illumina NextSeq 500 following the manufacturer's protocols. Rabbit polyclonal antibodies specific to KAP1 (Abcam, ab10483), SETDB1 (Proteintech, 11231-1-AP), and anti-acetyl-histone-H3 specific to Lys-14 (Millipore, 07-353) were used for immunoprecipitation. Detailed description of in silico analysis of sequenced reads is previously described (Whitton et al., 2018) . Data from two biological replicates were merged in all ChIP-Seq experiments.
Functional analysis
Functional analysis of ChIP-Seq peaks were performed as described previously (Whitton et al., 2018) with the following modifications. ChIP-Seq peaks were associated with closest genes by Genomic Regions Enrichment of Annotations Tool (GREAT) with basal plus extension method and distal regions extended up to 100,000 kb (McLean et al., 2010) . Overlap of ChIP-Seq peak regions were analyzed by Intervene (Khan and Mathelier, 2017) . Heatmaps of ChIP-Seq coverage were generated by deeptools (Ramirez et al., 2014) . Expression data from published studies for Sirt1 (GSE14921), Hdac3 (GSE49386), Hnf6 (GSE83789) and Kap1-regulated genes (Bojkowska et al., 2012) were accessed from GEO. Differentially expressed genes from published microarray studies were identified by GEO2R tool (Barrett et al., 2013) . Chromatin-x enrichment analysis and analyses for over represented pathways and disease conditions were performed by Enrichr (Kuleshov et al., 2016) 
Accession Numbers
ChIP-Seq data from this study can be accessed at GEO under accession numbers GSEXXX for H3K14ac, Setdb1, and Kap1, GSE60393 for Hdac3, GSE78177 for H3K9me3, respectively, and
ArrayExpress experiment E-MTAB2060 for Hnf6. Overall, H3\K9me3 mark is reduced while H3K14ac modification is increased in old livers. Reads were merged from two replicates for H3K9me3 and H3K14ac ChIP-Seq data in both conditions. Data for H3K9me3 were accessed from our previous study (Whitton et al., 2018) . young: 2.89×10 -11 , old: 7.55×10 -10 ) binding sites are most significantly enriched at these bivalent regions. Reads are merged from two replicates in each condition. ChIP-Seq data for H3K9me3 (Whitton et al., 2018) and RNA-Seq data (Bochkis et al., 2014) for differentially regulated genes in aged liver are from our previous studies. Sirt1-regulated genes associated with young liver bivalent mark (Sirt1-regulated Young BM, black bar). (D) Analysis of over represented pathways in Sirt1-regulated genes associated with old liverspecific bivalent regions by Enrichr (Sirt1-regulated Old BM, gray bar). Formation of senescence associated heterochromatin (p-value 8.56×10 -5 ) was most significantly enriched pathway. Data set for differentially regulated genes in aged livers is an RNA-Seq data set from our previous study (Wang et al., 2012 ) and for Sirt1-regulated genes is from a published microarray study (Purushotam et al., 2009) . 46,226,630-46,232,469) and old (chr12:20,230,739-20,233,003) livers. Magnitude of the ChIP-Seq signal is shown on y-axis. For comparison, tracks of a given mark in young and old conditions are group scaled and input track is set to the lowest of the magnitudes in the view. (C) Model implicating histone deacetylase, Hdac3, in establishment of bivalent mark. First, a histone acetyltransferase acetylates both H3K9 and H3K14, known to be acetylated together in many regions, followed by deacetylation of H3K9 residue by Hdac3, allowing for its subsequent trimethylation. (D) Overrepresented motifs in the bivalent regions with and without Hdac3 in young and old livers, identified by PscanChIP. Onecut/Hnf6 motifs were enriched in both young and old bivalent regions bound with Hdac3 (p-values < 3.1E-23 and 2.2E-16). Whereas, bivalent regions not bound with Hdac3 were enriched with consensus for estrogen receptor (ER, p-value< 0.0095) and its co-activator AP-2 (p-value < 0.0098) in young livers and E-boxes bound by bHLH factors in old livers (p-values <0.0069 and <0.0118, respectively). ChIP-Seq data for Hdac3 (Bochkis et al., 2014) and H3K9me3 (Whitton et al., 2018) are from our previous studies. (chr9:46,223,608-46,229,660) and common to young and old livers (chr12:20,230,739-20,233,003) binding included AP-2 sequence (p-value < 0.0088) and consensus for estrogen receptor (ER, p-value< 0.0057) in young livers. We did not identify any significant motifs in Setdb1/Kap1-bound bivalent regions in old livers. ChIP-Seq data for H3K9me3 are from our previous study (Whitton et al., 2018) . (chr9:46,223,608-46,229,660) and Apob (chr12:7, 976, 982, 176) published microarray studies. ChIP-Seq data for Hnf6 are from a published study (Wang et al., 2014) and for H3K9me3 are from our previous study (Bochkis et al., 2014) .
Figure legends
Figure 7. Model describing establishment of H3K9me3/H3K14ac bivalent mark
In the first step, close residues H3K9 and H3K14 are acetylated by the same histone acetyltransferase (HAT). Then, H3K9 is deacetylated by Hdac3, allowing for subsequent triple methylation of H3K9 by Setdb1, which is found in complex with Kap1, and establishment of the bivalent region. Sirt1 activity is inhibited during bivalent region assembly to preserve acetylation of H3K14 that serves as the first step in that process. Activation of Sirt1 activity leads to loss of the bivalent mark. 
